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ABSTRACT 


Complex temperature anomalies observed near Arctic 
ice margins in the Chukchi Sea were found to be associated 
with the interaction of the warm coastal current with the 
ice cover and resident bottom water. These anomalies were 
characterized by large temperature gradients found in areas 
Meevery Low density pradient. They were in the form of 
inversions, interleavings, and discrete parcels which varied 
greatly in short distances. The processes which produced 
Mesostructure were directly linked to the presence of ice 
mmamwere Lound to affect the entire watér column. Structure 
was found in the vicinity of the ice margin but was observed 
to dissipate well inside the ice margin. A dynamic high was 
found which was related to the melting of ice and character- 
istically occurred in the melting zone of the ice margin. 
This dynamic high was limited to a depth of 10 meters and 
is believed to be a factor in the deepening of mesostructure 
elements and other phenomena as they pass the ice margin 


with the current. 
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I. INTRODUCTION 


Pee DESCRIPTION OF THE PROBLEM 

An investigation was conducted to examine the mechanisms 
associated with the phenomenon of temperature mesostructure 
found in the water columns near Arctic ice margins. The 
term mesostructure describes the relatively large anomalies 
which occur in the vertical temperature profiles; such a 
profile is shown in Figure 1. Corse (1974) defined an 
emement Of mesostructure as that portion of the profile 
from the depth where the temperature gradient became positive 
to the depth at which the temperature was again the value 
it had when the gradient became positive. These anomalies 
were considered as warm, vice cold, since they were found 
to be associated with the advection of warm water into the 
région. The magnitude of an element was found to be of 
Mmmemorder Of meters in depth and of tenths of degrees in 
temperature variation. The phenomenon of mesostructure 
was found to be associated with the presence of an ice 
margin and was present to some degree in all ice margin 


crossings investigated in this study. 


B. DATA BACKGROUND AND SOURCE 

Investigations into temperature structure near ice 
margins had their origin in reports of severe deterioration 
of sonar propagation, which was believed to be the result 


of complex sound-speed profiles near the ice margins. As 
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g@eeestit Of this interest, research cruises, under the 
momeral project title MIZPAC, were directed by the Arctic 
Submarine Laboratory, Naval Undersea Center. These cruises, 
@ieried out in 1971, 1972, and 1974 on Coast Guard ice 
breakers, have resulted in a data base of 350 STD stations 
feeemeanother such cruise scheduled for 1975. The results 
of the 1971 and 1972 cruises were published (Paquette and 
Bourke, 1973, 1974) and those for 1974 and 1975 are in 
preparation by Paquette and Bourke. The data from the 1974 
cruise were analyzed because they were the most useful of 
fie available data, due to the number of ice crossings and 
the close proximity of the stations. 

The 1974 data were collected using a Bissett-Berman 
Modek 9006 STD. Two lowerings were required for each 
Station; a deep cast, and a shallow cast with the conductivity 
sensor shunted with a precision resistor to enable recording 
eeene low salinities encountered near the surface. Seven 
series of closely spaced stations were analyzed, each one 
representing a penetration of the ice margin and termed a 
Meeocsing." Fisoure 2 indicates the location of the crossings, 
Carried out during the period 18 July to 26 July 1974, and 
several positions of the ice margin for this period. The 
positions of the ice margin were derived from cruise data 
and NOAA-4 VHRR satellite photographs interpreted by the 


NOAA-NESS Environmental Products Group. 
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Pee oCREPTION OF THE MIZPAC 74 AREA 

The Chukchi Sea is a marginal sea with very little 
Momzom relief in the area of interest and with an average 
depth of about 45 m. 

The ice coverage and thus the ice margin varied 
considerably during the months of June through August 
1974 (Fig. 2). There is much year-to-year variation. In 
mwa cie 1ce melted back from Bering Strait in June to 
fet by the end of August, farther north than normal. 

The pattern of the melting process followed closely 
mat of the previously known current system of the Chukchi 
Sea. The summer surface circulation of the Chukchi Sea is 
dominated by a general northward flow of warm water from 
femme Strait. This flow was observed by Paquette and 
Bourke (1974) and was typified by a surface temperature of 
S° to 11°C during late June through September and probably 
involved the upper mixed layer of 10 to 20 m depth. Little = 
momrnown about the movement of the lower layer. The current 
Mmeaomaescribed as staying to the right side of the Chukchi 
Sea and splitting at Cape Lisburne, one branch following 
the Alaskan coast and the other turning north-north-west 
meward Herald Shoal. Garrison et a. (1973) reported the 
mreed, relative to an ice floe, of the current along the 
Alaskan coast near 72°N to vary between 10 and 50 cm eciee 
With a velocity shear between 10 and 20 m which was usually 


associated with the pynocline. 
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ieee OBJECT OF THE STUDY 

imme thimtist Of this wndertakins was to gain an under- 
Stamding of the mechanisms by which mesostructure is formed, 
utilizing new data and previous findings. It was particu- 
larly directed toward finding the relationship between the 
memmation of mesostructure and the following processes: 
the influx of warm water and the melting of the ice cover, 
Bmeesloping of the density surfaces, the dynamic heights 
near the ice margin, and local currents. Additionally, 
it was desired to determine if different processes were 


me=ponsible for deep and shallow mesostructure. 
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Pies INVeESsilGATIONAL PROCEDURE 


The data presentations were predicated on the assumption 
that warm water flowed northward toward the ice and that the 
Mieeraction Of ice and water resulted in mesostructure. It 
was expected that the phenomena involved would be evident 
in vertical sections of the conventional oceanographic 
properties along the lines of the several ice-margin 
crossings. Temperature and sigma-t sections were therefore 
prepared. the latter, being closely related to salinity 
meevocally observed water temperatures, eliminated the 
meed tor salinity sections. 

Mater it became apparent that the question of direction 
of flow of the warm water could be investigated by means of 
Meemieat and ice melt contents of the water column. The 
local dynamic height gradient near the ice margin seemed 
a possible driving force for downward mixing. These 


parameters also were computed for the ice-margin crossings. 
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MeabeEMPERATURE CHARACTERISTICS 

iicwconieuacure pLOtiles, nested in sequence, for each 
ice margin crossing are shown in Figures 3 through 9. The 
Station number and bottom temperature (°C) are indicated 
at the bottom of each trace, and the ice concentration in 
oktas (eighths) is displayed at the top with the symbol 
"X'" indicating no data. The station numbers increased as 
the ice margin was penetrated from outside the ice; thus 
MitemcrOossings proceeded from left to right in all figures. 

The temperature profiles dasplayed several characteristics 
which were common to all the crossings in general. A layer 
of relatively warm water, between the surface and 20 m depth, 
appeared outside the ice in all cases. This layer was 
cooled and modified with progress toward and across the ice 
margin and was greatly diminished or absent well inside the 
fee Margin. Surficial cooling caused the temperature 
maximum of this layer to descend several meters when ice 
was encountered forming the "nose" feature described by 
Paquette and Bourke (1973). 

Corse (1974) described mesostructure as being divided 
into three classes: the nose feature, and shallow and deep 
Structure. He defined shallow structure as having sigma-t 
values less than 25.5 and deep structure as that with 
Peco values. te placed the sigma-t value of 25.5 at 


about 20 m depth; however, as will be seen, this 


lif 
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mmestigation found the 26.0 surface at about 20 m. This 
depth was used to make a distinction between shallow and 
@eep mesostructure, 

Saallow Structure was present ian Varying degrees of 
Memerity in all crossings. Crossing 3 exhibited the most 
severe shallow structure as compared to the lesser intensi- 
ties found in Crossings 4, 5, and 6 and to Crossings 1 and 
meen displayed very little shallow structure. The 
maesence OF Shallow Structure correlated well with the 
presence of the nose feature, which was present in all 
crossings except 1 and 2. Thus, the nose feature appeared 
to have a causal relationship with shallow structure. 

Decpestructure was found to be severe in Crossings 1 
and 2 and very slight or absent in the other crossings. 
The presence of deep structure appeared to be a separate 
phenomenon from that of shallow structure. 

The temperature profiles displayed no apparent ‘ 
correlation between the presence of mesostructure and the 
maximum temperature present. This differed from the 
belief of Corse (1974) in the relationship between high 
memmeratures and the presence of deep mesostructure. 
Hewever, the formation and presence of structure, both 
shallow and deep, did correlate with the presence of an 
meeemargin, as did the formation and descent of the nose 
feature. The mesostructure eventually almost disappeared 
at some point within the ice margin. This may indicate 


that the structure had been dissipated as it moved 


26 





"downstream" with a northerly flowing current past the ice 
edge or that there was little or no water flow toward the 
HEe . | 

Vertical cross-sections of temperature for the seven 
crossings are presented in Figures 10 through 16. Again 
the relatively warm surface layer, with a maximum tempera- 
ture of 3 to 6°C, may be observed south of the ice at 
depths of less than 20 m. This layer cooled drastically and 
lost most of its warmth in the vicinity of the ice margin. 
iis was obviously due to a utilization of this heat for 
the melting process which will be discussed in a later 
section. Referring to the cross-sections, the isotherms 
were very irregular and Fe oleedellace gradients, many 
inversions, interleavings, and lenses. These irregularities 
were more pronounced in the vicinity of the ice margin and 
meussapated when well inside it, as has already been stated 
iaetne description of the profiles. Individual elements of 
mesostructure usually could not be traced for more than two 
consecutive stations, a distance of 1 to 5 km. The maximum 
distance over which a mesostructure feature was traced 
was about 11 km. This is in reasonable agreement with the 
Mmesuwits of Corse (1974). He found typical correlation 
Bisctances of 1 to 2 km. Structure was found to exist for 
ome time atter the disappearance of ice from an area 
mmce it was found as far as 28 km south of the ice margin 


where the ice had apparently been recently. 
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Also well correlated with the ice margin was the presence 
of cold bottom water which was absent to the south of the 
Maeein. this type of water appeared fairly precisely at the 
margin and thickened as one progressed into the ice. It 
had a temperature of -1.6 to -1.7°C and was usually either 
toeene torm of a wedge, as in Crossings 1, 2, 3, and 7, or 
mie OL a COld tongue at about 30 m depth as in Crossings 4, 
pemeona O. This correlation of the boundary of the cold 
bottom water with the ice margin is indicative of the trans- 
fer of heat downward in the water column near the margin. 

ihe dissipation of the surface heat across the margins, 
the melting of the ice, and the absence of the cold bottom 
water south of the margin all indicate large heat transfers 
Bimewmehout the entire water column in the vicinity of the 
ice margin. The extreme temperature gradients associated 
Witn the presence of structure were found predominantly 
near the ice margin, but not far under the ice, indicative 
of strong downward mixing processes in the vicinity of the 
Margin. Farther back under the ice, however, this powerful 
downward mixing of near-surface water appeared to be lacking. 
Therefore, ice keels probably are not the cause of mixing 
as was suggested by Corse (1974). Instead, the mixing must 
be due to a dynamic process which is peculiar to the ice 
Margin. The process must be -due to something distinctive 
meciic ice Margin, most likely the rapid melting of ice. 
This melting process and its relationship to the formation 


of mesostructure will be discussed in a subsequent Section. 
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Bee VENSITY CHARACTERISTICS 

WMicmeross-sectional density distributions, plotted in 
Sigma-t units, are shown in Figures 17 through 23. All 
Seeooings were typified by a high gradient layer in the 
upper 10 m, with localized pockets of low density water 
located at the surface which correspond to areas of melting 
fom ine density surfaces like the isotherms, displayed 
irregularity in the vicinity of the ice margin. However, 
Siemacnsity surfaces, unlike the isotherms, displayed no 
inversions. The density at the surface was observed to be 
higher outside the margin and decreased near it. These 
phenomena were undoubtedly due to melting processes. The 
irregularity, high density gradients, and low density 
pockets did not appear farther back under the ice. The 
rapidly added melt water must have been mixed downward 
maener quickly in the vicinity of the margin so as to have 
decreased the high gradients that were present. The density’ 
cross sections display the same general characteristics as 
do the temperature cross sections and there is evidence of 
dynamic activity in all cases. 

The deepest isopycnals, present well inside the ice 
margin, were destroyed by downward mixing of melt water 
Meaiethe margin, These isopycnals usually rose toward the 
ijejer1or of the ice field, forming a wedge-like feature. 
Meeerossings 1, Z, 3, and 4 the wedge was pronounced. In 
Crossings 5 and 6 the wedge was less pronounced and did 


MOumexast in Crossing 7. This wedge was well correlated 
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with the cold, bottom water found in the temperature 
data. 

The complex tilting of the density surfaces is evidence 
of lateral pressures that must be maintained by dynamic 
Beocesses. Thus, stronger density structures should be 
indicative of strong dynamic processes and more severe 
mesostructure. Deep mesostructure was found to be more 
severe for those crossings with a well-defined wedge and 
thus gave support to‘this hypothesized relationship between 
deep mesostructure and strong dynamic processes. This 
relationship was further confirmed by an investigation of 
the dynamic heights associated with the marginal ice zone 
and is discussed in a subsequent section. 

Observations of the 26.0 and 26.5 sigma-t surfaces 
revealed that they had a pattern of variable spacing 
nemamed to the ice edge. For Crossings 1, 2, 3, and 4 
(Figures 17-20) these isopycnals were more widely separated 
outside the ice margin, thus defining a zone of very low 
femercal density gradient. For Crossings 5, 6, and 7 
(Figures 21-23) this low density gradient zone was found 
well inside the ice edge, but in Crossing 5 it occurred 
between the 26.5 and 26.8 sigma-t surfaces. Inspection of 
tne above figures indicates that most of the deep meso- 
Structure is found within these zones of weak density 
Pradqient. This .1s perhaps an expected phenomenon as 
relatively little energy is required to mix anomalous 
water downward in the water column when the density 
emdatent 15 small. 
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firs nportant £O remember at this point that a 
temperature or density cross section suggests that there 
ima transport of properties from left to right. This need 
not be the case; flow may be oblique or nearly parallel to 
miemrce €dge. this type of flow pattern may account for 
small degrees of tilt to the isopycnals within the ice 
or for weak dynamics and weak structure to exist. It may 
also cause a low rate of heat transport to the ice and 
consequently low melting rates. Considering these factors 


the heat balance across the ice margin was investigated. 


C. HEAT BALANCE ACROSS AN ICE MARGIN 

The disappearance of the warm surface water under the 
ice margin and the melting which occurred led to an analy- 
sis of the heat content of the water columns associated with 
the ice margin crossings. Specifically, it was desired to 
correlate the amount of heat dissipated at the margin with 
the melting of an equivalent amount of ice and to test the 
associated idea that water flows along the section toward 
maemace. If it did not, it might be an explanation for 
weak dynamic mixing processes and weak structure. 

The heat content of the water column at each station 
in the various crossings was calculated, using as a ref- 
erence water of 33.33°/oo0 and -1.8°C. This reference was 
Bedected since 33.33°/oo 1S the salinity of freezing 
sea water at the lowest water temperature observed in the 


area. The resultant values were termed the "heat excess" 
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as defined by equation (1): 


D 
H = fe f ocr-t dz (1) 
0 


where: H = Heat excess (cal-cm“) 
C., = Specific heat (cal-gm+ o¢74) 
o = Density (gm-cm™ >) 
T = Temperature (°C) at depth z cm 
hy Reference temperature (°C) 
D = Depth of the water column (cm) 
dz = Depth increment (cm) 

In order to examine the melting phenomenon in terms of 
the fresh water introduced from melting ice an "ice melt 
content'' was also defined. It was defined as that weight 
Waeteecs With an initial salinity of 6.0°/.. and a density 
of 0.94 gm cm”, Lia eies bot rancmormlcd iLO Mey ouwa cer 
to produce the salinity structure present in the given 
column of water, referenced again to a water column having 


mmemiitial salinity of 33.33°/e.c. The ice melt content is 


Metined by equation (2): 


a ctecrs 
eS Oe dz (2) 
R I 
0 
where: I = Ice melt content (gm-cm™*) 
Sp = Reference Se llaisihiesy (Gojoe) 
DeaceOo tii ppiemat Gepth 7 cm 
Ss Sulinity Or 266 (ppt) 
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weaves of 0.956 cal om + ae for a and LOO scm Lor az 


were selected and the values for the remaining variables 
wie. 6, and S) were obtained from the individual station 
few USing these values the total integrated heat excess 
and ice melt content from the surface to the bottom were 
computed. The values from the surface to 35 m were selected 
for comparison purposes for the analysis. One may make 
nearly as good an argument for integrating to the bottom. 
However, the likelihood of incorporating an anomalous 
contribution from a variable depth limit led to the choice 
Cneetetixed limit. The results of these computations for 
mmemerossings are displayed in Table I. 

Maeally, with a flow of water directly across the ice 
Margin, the heat excess and ice melt content data should 
present an inverse relationship. The heat excess should 
decrease and remain low after passing the margin as the 
ieemmelt increases, which in turn should remain high due to 
Pieemelting process. Considering the heat excess and ice 
melt cOntent data, many irregularities were present in each 
mene CrOSSings. However, all crossings did display a 
M@elemal heat decrease and an increase in ice melt content 
eeese tO the ice margin, except for Crossing 6 which 
displayed a decrease in ice melt content and heat excess. 
Mrossing 2 1S presented as an example (Figure 24). It 
Was close to the average of all the crossings, excluding 
birossing 6, even to the extent of being less irregular than 


most. The data from the seven crossings revealed a decrease 
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in excess heat ranging from 4900-10300 cal em ° across 
the ice margin. The average change was 6600 cal cm”? 
Eametron (sa) describes the heat (AH) that is required 


to warm and melt ice of initial temperature ve and thick- 


ness h 
aH = [(T, - Th) C, + Ap]he (3a) 
where: AH = Heat change (cam cm *) 
ae Initial temperature (°C) 
v = Melting temperature (-.053S) (°C) 
S s=salinity (ppt) 
Cy ~TOPcclimemicatwor Lresie1ee (ea | gm tect) 


dt = Latent heat of fusion of sea ice (cal em”) 


= Ice thickness (cm) 
Solving for the ice thickness, h, we arrive at equation (3b): 


¢ 


ie eee T) CL +A 


i. 
0 g Pp 1 


(3b) 


Mieco meaOvet mor sal ind ty 0.0 /o,5, IMitially at -2°C, 
aad With a density of 0.94 em cm? was selected as repre- 
PT mecteive TOL Ene area mL study. This selection resulted 


eG Ger Cc, and 67 cal om > for 


imevalues of 0,5 cal sm 
Ay: UcMiemuniewave bagewenanpe Of Neat content, 6600 cal cm“, 
across the margin and the above values, an ice thickness 


ot 1-0 mewoulds be» melted. 
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The ice melt content, with one exception, displayed an 
increase across the margins of 30-73 gm cm ° with an 
puerace value of 54 gm em? The exception was Crossing 6 
which resulted in a negative value. The average value of 
S54 gm em 7 when equated to a thickness of reference ice by 


equation (4) resulted in an equivalent ice thickness melted 


Gie0.,0 m: 
h = Alp} (4) 
where: h = Thickness of ice melted (cm) 
AI = Change in ice excess (om-cm™*) 


peawlensity of ice (gm-cm™ >). 
ime values of the thickness of ice melted computed 
inoue the heat excess and ice melt content agree favorably 
Mieemechne ice thickness of about 0.8 m predicted for the 
meron Of study by Wittman et al. (1963). This lends 
emppere CO the assumptions that the dissipation of the heat | 
across the ice margin can be accounted for by the melting 
of the ice cover and that the flow under the ice margin 
meeenerally northward (left to right in the sections). 
iMremovetrall chances in heat excess and ice melt content 
peeass the Margin were not apparently related to the severity 
Sec tructure present (lable III). However, the rates at 
pinteh they changed near the margin were possibly related 
me the Severity of shallow mesostructure. Crossings l 
mide Wad the least rapid heat and melt water changes in 


the vicinity of the margin and also displayed the least 


ey! 





Pemere Shaltow Structure. Crossings 3, 4, and 5 had 
Sienificantly more rapid heat exchanges at the margin and 
also had the more severe shallow structure. These factors 
eeeeest a correlation between the rate of heat exchange 
and the severity of shallow structure. 

miemost Cases the major portion of the heat exchange 
@eeurred at the ice margin; however, in Crossings 1 and 
meer Occtitred Outside the ice margin. This can be explained 
by a flow away from the ice subsequent to a period of 
Hiemeetng Or by a retreat of the ice front that was more 
rapid than the northward flow of water. 

mimorossings I, 3, 4, 5, dnd 7 there was an irregular 
[m~sease Of ice melt content toward the north which is 
what one might expect if the melt water near the margin 
weomemearried under the ice by the current. Crossings 2 
and 6 displayed a gradual decrease of ice melt content 
memome Ppropressed farther under the ice. Possible explana- ‘ 
MmromomtOr this difference are that the axis of flow of the 
Meieiward current was not directly across the margin or 
gumeenreCularity of flow occurred. Thus, it appears that 
the flow at the margins is'not as simple as was assumed, 


although it is generally northward. 


ie YYNAMIC HEIGHTS AND LOCAL CURRENTS 
iemicerec Of disturbance in the density surface 
(Figures 17-23) and the presence of many factors which 


pointed to the existence of highly dynamic processes acting 


a2 





immene IMnmediace yiCcinity of the ice edge gave rise to an 
interest in the dynamic heights associated with melting at 
the marginal ice zone. Neshyba's model (1974) of the pro- 
grading ice cover during the freeze-up of the Bering Sea 
predicted the inverse phenomenon, a dynamic low under the 
7c€ margin. His model described the freezing process 

fen rejected brine and mixed it downward through the entire 
water column resulting in higher density, a dynamic low, and 
geevorizontal pressure pradient toward the ice under the 
freezing zone. Neshyba concluded that freezing rates were 
Slow enough such that the pressure gradient must be in geo- 
Strophic balance and must therefore correspond to a 
geostrophic flow to the east under the freezing zone. His 
assumption that the oceanic system was otherwise static 
peovably led to unrealistically high values of salinity 
and correspondingly high negative values of dynamic height. 
An extension of Neshyba's work to the melting season would 
Suepest that the converse situation, a dynamic high, might 
Beetound under a melting ice zone and, with melting much 
iWemes rapid than freezing, that the change in geopotential 
Should be much greater. 

Dynamie heights for alll crossings were computed utilizing 
the HYDRO program (W. R. Church Computer Center, NPS) and | 
Miemroctles appear am lable Tl, Figure 25 presents a 
Vem@ereal cress- section Of dynamic heights for Crossing Z 
Witemewas Selected to illustrate significant features. All 


Grossings im general displayed local irregularities and 
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lle with the exception of Crossing 6, displayed a hill 
femenalt of a hill as in Crossings 1, 3, and 4) situated 
Mear the ice margin. Evidence of this dynamic hill was 
Meerorvyved to a depth of about 10 m in Crossings 1, 2, 3, and 
Mea to about 15 m in Crossings 5 and 7. Thus the hill 
Mecmeenerally noticeable in the near surface zone only. 

These results were somewhat as predicted. However, 
the hill was found to be a localized phenomenon extending 
PwemeoOrizontal distances of up to 30 km across the margin 
and its effects were observed to only about 10 m of depth. 
This was different from Neshyba's freezing model which 
moeulted in a general depression associated with the entire 
freezing zone which extended 100 km back under the ice, 
and whose effects were notable throughout the entire water 
column. The heights of these hills were of the order of 
Zedyn cm as compared to depressions of 2.7 dyn cm calcu- 
Marea by Neshyba. The hills due to melting were expected 
mommeve Deen several times as large as the depressions due 
to freezing, but were not. This was probably because the 
water at the ice margin was not static as in Neshyba's 
model. It will be seen, however, that the magnitude of 
Meet ll 1S not the critical factor. 

ine author's data revealed that the height of the hill 
Bader the ice apparently was not correlated with the severity 
methe mesostructure. However, the magnitude of the hori- 
zontal gradient of the dynamic height at the margin did 


ma heeouycumisomated directly to tliesseverity and presence 
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of deep mesostructure. Table III shows that Crossings 1, 
meeoree and / had the highest dynamic height gradients and 
mesomche most severe deep structure, whereas Crossings 4 
and 5 had relatively small gradients and either lacked 
mmeiad very little deep structure. 

The gradient observed in the dynamic heights must 
meatier a2 lateral pressure gradient. This gradient is 
Pumobably of recent origin due to the rapid retreat of the 
ice margin; thus geostrophic balance is probably not achieved 
anaeneiae pressure gradient 1s most likely balanced against 
iMemeial acceleration or internal friction. In either case 
iiiempressure gradient leads to a velocity shear in the 
veremecal plane normal to the ice margin. Because the 
pressure gradients on the two opposing sides of the dynamic 
Natl are oppositely directed, there will be a diminution 
of flow near the surface on the seaward side of the dynamic 
fmiveeana an acceleration of flow on the other. Continuity 
of flow then would demand that the shear at the surface 
be compensated by a reverse shear at deeper depths under 
the dynamic high. It is believed that this downward directed 
flow may be the agency which caused the mixing at depth 
fiteiewas Observed near the ice margin. 

Both of the possible opposing forces of friction and 
inertia were found to be of the same order of magnitude, 
depending upon one's choice of viscosity and characteristic 
Paocityo mmuEeVyIScOSity 1s likely to exert the largest 


ferect.)) (herefore, to explore the magnitudes of the 
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effects, approximate calculations were made based on the 
Peasumptaton that the lateral pressure gradient was balanced 
By the frictional shear of eddy viscosity. A model was 
developed assuming a current, u, outside the ice, flowing 
mmeeae Dlane of the pressure gradient and uniform in 
velocity throughout the upper warm layer. 

mse Step-laike profile of Figure 26 (solid line) was 
fesmoned for the current velocity structure hypothesized 
outside the ice margin based on observed currents from 
other investigations. Equation (5) was used to describe 


the balance of frictional shear with the horizontal pressure 


emaa1ent : 
Z 
A gu. AD (5) 
0 y72 A 
foe COC Me ent Of eddy Voscosity (om-cm™? ceeta) 
p= Density Cua 
u = Current speed (cm-sec ~) | 
2 = Depth (cm) 
AD ; . - . - suk 
ar = Horizontal gradient of dynamic height (dyn m-km ~). 


momaeeion (5) was solved for u with the conditions that the 


dynamic effect was limited to 10 m and that z = 10 n, 


ae O and u = 15 cm ae SPCCieme tt Tom Or Chas Velocity 
Mes not necessary to the solution, but it did influence to 


2 
os le u 
eeame extent the choice of A. Sy was assumed to be constant 


which required that op and A also be constants. 
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The values of the horizontal gradient of dynamic 
height, which were observed for the crossings, ranged 
Meeween 0.0010 and 0.00359 dyn m km + with an average of 
0.0026 dyn m km” + BOOM erOss iis eexCept es Gross ilire 6 
(jeaete T]i). Values for density and depth were selected as 
ie om cm > DiGi Geopectively.  occlecting a value tor 
M@remecocttiCcient of eddy viscosity (A) was more difficult. 
EM@eeeviScOSity coefficients have an extreme range of values 
which vary with the scale and rate of the phenomenon in 
question. Neuman (1966) shows values of from 1 to 3000 
em cm”? sect. Caneel (1965)5 Nowever, arrived at 2 
wemme of 55 gm cm 7+ xO bOr ee lime Teal Model Of titeanee 
fees Ot the Arctic Ocean, in which a relative velocity of 
iS) cm sect existed between an ice floe and the sea water. 
feeure 27 shows how a variation in A affects the magnitude 
eememe total velocity diminution experienced at the surface 
due *to the shear forces opposed to the flow, Varying A 
mons tO 500 gm em* SOO reduces: ene Current from )25..5 
ome. 55 CM sec ~ which is of the proper order of magnitude 
fonethe currents assumed for the region. An intermediate 
value of 100 gm cm? see = resulted im a decrease Of Che 
memecity at the surface of 13 cm sect, de eeOr tUleOUsS ae ree - 
ment with Campbell. 

iirenwapplication Of this velocity shear in the upper 10 m 
of the water column and the enforcement of continuity of 


mlow upem the initial current profile of Figure 26 resulted 


mimtice Second protiie (dashed line) of Figure 26, the 
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M@mertle £01 the flow beneath the ice margin, This profile 
mreplays a descent of the core of the current as it 
encounters the margin and its effects. The compensating 
maw at depth iS pictorial; it did not seem feasible to 
@eeculate 1t in a more meaningful way. This restriction to 
the flow, the resultant downward motion, and the accelera- 
tion of flow at greater depths could provide a mechanism 
for the mixing process which occurred. 

It is evident that where dynamic height gradients are 
Warge, the vertical shear must be large and require greater 
and probably deeper compensating flows at depth. As pre- 
viously discussed, these regions will most likely be areas 


Cs leniricant deep structure. 
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iy CONGLEUS TONS 


Pee SUMMARY OF RESULTS 

The distribution of temperature, density, heat, and 
dynamic heights confirmed that the phenomenon of temperature 
mesostructure near Arctic ice margins was related to the 
presence of an ice margin and the associated melting pro- 
Cesses. Mesostructure was characterized by large tempera- 
eieewesradients occurring simultaneously with low density 
medetents, It was present in a relatively broad zonc, 

18 to 65 km wide, across the margins. It varied consider- 
ably over short distances, with individual elements 
Celerally being traceable for only a few kilometers. 

The assumption of a generally northward flow for the 
area of study was supported by the heat excess and ice 
Mewemecontent calculations. A decrease in heat content and 
a corresponding increase in the ice melt content of the 
water column was observed as one crossed the ice margin. 
These changes agreed reasonably well enough with the heat 
required and the melt water that would have been formed by 
Miesmelting of the existing ice cover to support the 
assumption of a generally northward flow. The flow, 
however, displayed the possibility of not always flowing 
mmeeetly across the margins. Crossings 2 and 6 displayed 
mech a heat and an ice melt content decrease as one 


progressed farther under the ice. This could have 
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indicated a flow approaching the margin obliquely and thus 
carrying some of the melt water away. The many irregulari- 
Piesealso present in both the heat and ice melt results 
Suggest the presence of complex flows near the margins. 

Large heat exchanges and downward mixing throughout 
the entire water column Were evident near the ice margins. 
The warm surface flow was cooled at the surface by melting 
to form the nose feature. The cold, dense bottom water, 
not present south of the margin, was dissipated by downward 
mixing in the water column creating a high density wedge- 
Mieec feature. the broad zones o£ low vertical density 
gradient resulting from this mixing were found only near 
meemilategin and not far under the ice. Thus, the creation 
Suemesostructure by the turbulent mixing by ice keels 
as suggested by Corse (1974) is probably a doubtful 
mechanism due to the lack of evidence of mixing farther 
imaer the ice, 

The area near the ice margin was characterized by large 
temperature gradients along isopycnals and by the irregularity 
aimee lting of the isopycnals. These irregularities and 
tilting must result in lateral pressure gradients that 
evidently are balanced by complex dynamic flows in the 
marginal area. 

Further investigation led to the discovery of a dynamic 
hill which extended about 30 km across the margin. The hill 
was due to the melting process and was notable to a depth 


of about 10 m. It was interesting that the dynamic hills 
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were about the same height as the depression computed by 
Neshyba (1974) for the freezing process. If his numbers 
mmemeorrect, the dynamic hill for the melting case should 
Desmany times larger since melting occurred much more 
moomaly than freezing and was concentrated over a much 
narrower width. However, it appears that fresh water was 
ieoeetrom the area by circulation, thus greatly diminishing 
the freshening effect. 

ike mnaenitude of the dynamic hill was found to be of 
lesser importance than the gradient of the hill near the 
jee margin. The lateral pressure gradient which resulted 
from the horizontal gradient in dynamic height was assumed 
to be balanced by internal frictional stresses, and when 
mageoxtmate calculations of the effect of this balance were 
made, a velocity shear at the surface resulted. This velocity 
shear was applied to a simple velocity profile which resulted 
mamaaeepening of the flow axis and an acceleration of the 
meowean depth. This result provides a plausible explanation 
for the source of the downward mixing that is observed 
at the margins. This hypothesis is also supported by the 
emmetation of larger horizontal dynamic gradients at the 
surface with a greater sloping of the deep isopycnals and 
the presence of more severe deep mesostructure. The 
G@ueater dynamic forces at the surface should result in 
ikorger velocity shears and thus stronger effects at depth. 

Shallow and deep mesostructure are believed to be 


related to different degrees of mixing action. Shallow 
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structure was correlated with the presence of the nose 
feature while deep structure was related to large dynamic 
miepes, Veep structure was usually within the density zone 
of 26.0-26.5 sigma-t units which was found below 20 m 
depth. The deep structure was located in the vertically 
broadened areas of this density zone. The low density 
gradient of this broadened area implies mixing processes, 
which one might expect from the large gradients in dynamic 
Negeht. This area of low vertical density gradient also 
was one where interleaving might easily occur due to the 
small amounts of energy required to lift a parcel of 
weeer. Deep structure appeared to be more severe when the 
nose feature was not well defined. Thus it would appear 
that the higher dynamic slopes at the surface cause more 
severe velocity shears. The resulting stronger mixing 
effects can destroy the nose feature and thus explain the 
usual absence of the nose when deep structure is strong. 

oiaillow mesostructure was related to the nose feature 
and was generally found above the 26.0 sigma-t contour and 
thus usually shallower than 20 m depth. It was observed 
mae ne boundaries of the nose feature where water types of 
Similar density and different temperatures were available 
mmmanterleave. Shallow structure, with two exceptions, 
mas found to be more severe in the cases in which deep 


Structure was weak or absent. 
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B. RECOMMENDATIONS FOR FUTURE INVESTIGATIONS 

As a result of this study it 1s evident that additional 
@ata are necessary in future investigations. The probable 
Meeratrtons in local flows near the ice margin make it 
meeement that current vector data are needed for the stations 
taken near the margins. Data also need to be collected far- 
ther into the ice and more exact data on ice concentration 
and thickness would be helpful. Time series data on the STD 
parameters and currents, taken simultaneously, would also 


be useful in determining the time variance of the phenomena. 
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APPENDIX A 


STD DATA FOR STATIONS ANALYZED 


The data for each station of the ice crossings analyzed 
follows. Four stations appear on each page and the respec- 
Mivesstetion number appears in the lower part of each plot. 
Miemsccales for the horizontal axes are located at the top 
of each column and the symbols are as follows: 

ST, Sigma-t 

SV, sound velocity (n see) 

Specalimity ( fos 

iecemperature (7) 
The symbol for each of the above parameters is at the bottom 
Gumeach trace and an S, T, or V (salinity, temperature, or 
Seuna velocity) appears at the top to help distinguish indi- 
vidual traces. The gap usually located at about 10 depth 
on each trace is due to the requirement for two lowerings 


fine OTD), 


69 








C 
= 


STAT TON 


Aa 


310 


as 
[\ 


MI CRAG 


ey UL) } 
eet! 


aN 


Pee) t— (_) 
ee 
pee (). (1) 





ey t— 


aS 


70 





Jes 
pa ta) . A . = ~ ~ 
Sige MIZPAC 74 STO STATIONS 
= ee 

















a nn. a ry -—4 $= = + = 4 -— a re + 4 = ¢-—— ~~ +- —} 
CY (2 ay) Lon ‘i s ! 
cs! Beer ae 
— ee ae eg, a Ae H 
t 

ee Ga 

NJ Pd CS 


ie) i 
O19 7) | 
Wee.) (6) 

as i¢ 


p 
> Nk 
fr \ wee Te 


a N\ 
= i cr "i L. I ae 4 


— re ee emt ae ae oF eth afte me + nee meee oe = te ml ee es ae ee ee fe oe 























oe OY a a a a ps ee Po 5 ee Me cg Bene eae eae es 
NEMO a (an? aie =| 
= Ca) 
7 -W 
<a ay 
we OU 
19 | 
So) 
OJ en (NO) | 
—- 
| | 
KL a’ | 
\ pW 2 
(2 : - 
Gr ett OY es IK 
eft AYN | aan ae + ae a aan TS C7) a ee =n eT 
‘ae ae 
AUR (ld) Hida 





—_—s+ 
‘< 


MI @PAC 


cei 


eet 
a 

cae CC 
DI Gay aan! 


= 








Qeol ObT 


-~—— 


ees) SS) 


[ ag 


72 





SIU STAI ITUNS 


MICPAG 74 


© it 


aes 
Secu (). 
oN 

J. Ze oe 


me) i— _) 


| 
dl 
% 





O 
CO) 
( 
U 


YY} 


| a | 
| 
{ — A 
SNAP 


‘ 
we eee a a ee eh HH 
ar rn tan en pn te en men 


a 
p 7 
| is oe 

















| 
: ; = 
_ SSS = 
| SE | bE yo 
| aie, 
| | | 

Ss | 
| | | 
| | | | 
eee, 

: 5 —_— 3 a3 
bE E2 b2 9€ 2 b2 SG 
Eb SSbT CEDT O8bT SSbT NbT ons 
22 2 a ee 2 il ike 





13 














[ 
{ 
{ 
ae . : 
= i G NS YY iss 
i) | 
C5 : 
oy | 
De . 
= ! } 
ere ee 2 Le 
poe cmeetc 5 ¢ vc VE 
vastn 6CRET OSG OCbT OC@bT 
Ae AS ee ae OG LL Bae 











74 





DIDsStTATISNS 








a 
YY) 


ieee 
—— 


\ 
a ed NEA. 
1) 
Ce 
A 5 
= 
; NY 
| eal ees een a Pa lo eee xen 











Sica 
mo 
i ates 

2 

| 

ee) 
é -<-_———_—_+ | ees 

: : z- g z- 
bE 62° bZ bE 2S 
Q380T Be Sik Meee Coe Dept 1S 
ae Ee el ae ae rs AS 


(S 





STH LUNS 


S11 


vas 
_. 
he 


mrerree + 


eee I (OD 
wD, se 
pe) OU. (> 
~ uid 
ae 


eo 











SUR IAS 


Su 


—T ge 
f 
ees | d3———t- hep pe pe 


MIZPHO 4 


= 
vy 
Wy 
mae 
om) 
= 





. is 








nn a at ent oe eH Oe ~ 





: : Q ay 
x 6¢ 50 
DQPT CGPT UC DEPT 
LC C b ai 


HI ddd 


CW J 
77 


-—.- e 
Coe ae) F- 





CCH OD 








: 


a 
CO 
Lf 





= 
Y) 


———— 
greeee 


ns a a ea er 





oy) 
N 
oo te 


++ | 


ey 


eae 








i ae 

GS E ihe 
DE YU v2 
C80T SSDT CELT 
oe Ze al 











ee 


—— | 

vt 

| SS | 
| | 
| | 
Iss aG. 
| 
eee ——— i> 
s) E Cr 
be 52 De 
CBDT SSoul CEGT 
Be Jd uli 


Baneie 


CW | 


ee, 
Bee Ss) 


78 











em ee | 


$$$ rrr eed 








i] 
beat te 
oe _— ~~ 


wt) 
SW) 
ae 
uv?) 
ee 

t 





J 
aQ 


~~ 


fe 
‘ami. 








——+- Sher | -— 
a —L. 
| ne 
IS S | 
| 
! ! 
| | 
a ny a oe | 
me 5 CT a 
Zo 62 ne SS 
O8bT OSbT DEVE ODS 
ec CHE “| LS 


fe 


(> 
2 


TATION 


SIU Ss 


4 
a 
oe 

a 


( 


ta 
A 


[ 


MICPRH 


> 


eer) C1. CO 
etid 


Ca. 


a) }-- 
a 
ome? Ci. (") 








ste 





Brune ae 


eee te to 


a 7 





a 


aD 
CMe rer) =: 


- 
i 


80 








pen oar cq my 
aan = go 


ers 











— 
J) AG gO fore tee 


-— 


81 





STR ELONS 


S10 


74 


MI EPAC 


ee 2, 
De oS 
Cetl O8dT 
eb ee 





Benes 


(1 | 


82 


2, 
eee) tf) \— 


ce 








2 


4 
a> i 


TOD STAHTLONS 


© 
8 


MI¢@RHO rd 





85 








a ante ne eres inte ee ee nl ep te ——_————e cep 


a 


roc 


| 
| 
| 
| 
| 
| 
| 
| 
| 


CF 


CY) 
ov) 
oe 9 OJ 


<4 e--4 OS 





‘i 
ge ge te ~4 


U7 U7 WD be HL dau 


_— -- 


84 





rat | 


ee f-— C_) 


Co) Ai 


STD STATIONS 


MICPAC ¢4 


pat) 
=. CE 
L256 ial 


pee? (). CS 
2 


oie) 6) GC.) 
as 
4 


ap <> 





85 








eee i > 


yee MIZPAC 74 STD STATIGNS 


Wey ul) 
2. 2 oe ae 





to tt ) soca ety ae to 


a 





ey \ ee 


1*F 


on ae 


—_ 


es 
LOS 


~ ee 
o 








eZ 





ee) 
ee a Vv) 
yo 
e) : | 
7) / * ao 
Perce CY pp ee 
re +—---- i ee 





ee oS ae ei 


Be (Wy Hid 0 


86 





f4. DTD STRIIUNS 


Mi CPAC 


2 
ae 





1 
me 
= 
S 
S 





ec t—- CY 


(ol a ‘ a aaa ee” aes hee 7 Peat = 
SSce PIZPAC 74 STO STATIONS 
= See 


C~ <p> 1! a oe i a res A a pe 





ae) <>? CO vv) 
< a Yy | 
=| Dee 
| : 
rte 
| 
. cm 
=a 





alps 





NS => 
~omae © a 
<) | a 
cre’ 
wd —! Gui 4 > en a i a ao a ee te 
5 Gz 
(™“. 


88 





PUBLIC GR hit 


Applied Physics Laboratory Report APL-UW 7223, Studies in 
fie Marginal Ice Zone of the Chukchi and Beaufort Seas. 


: | on ae Mier iNCay Tb by Gl oks Garrison aid 
A. Pence, 110 onl January oye. 


famoocli, W. J., "The Wind-Driven Circulation of Ice and 
Meeetr 1n a Polar Ocean," J. Geophys. Res., v. 70, 


moeei4, p. 3279-3301, 15 July 1965. 


Corse, W. R., An Oceanographic Investigation of Mesostructure 
near Arctic Ice Margins, Master's Thesis, Naval Post- 
graduate School, Monterey, California, 1974. 


McLellan, H. J., Elements of Physical Oceanography, p. 74-79, 
Pergamon Press, 1965. 


Naval Postgraduate School Report NPS-58PA73121A, Oceanographic 
Measurements near the Arctic Ice Margins, by R. 
Pegoette and R. H. Bourke, 96 p., December 1973. 


Neshyba, S. and Badom-Dangon, A., "On Ocean Current Induced 
Meee Prograding Ice Pack," Geophys. Res. Papers, v. 1, 
no. 8, p. 351-354, December 1974 


Peumeame G. and Pierson, W. J., Principles of Physical 
Meeanography, p. 211-212, Prentice-Hall, Inc., 1966. 


Oceanographic Prediction Division, U.S. Naval Oceanographic 
@frice, Manual of Short-Term Sea se eS by 
ie «61, Wit ttman and G. P. MacDowell, Be yr oGs-. 


marauette. R. G. and Bourke, R. H., “Observations of the 
Seastal Current of Northwestern Pohaeia J Mat Wes... 
Tee nO. 2, p. 195-207, 15 May 1974. 


Peuemte, R. G., Bourke, R. H., and Corse, W. R., The Source 
of Temperature Mesos tructure ines tale Ocean near the 
faerie [ce Margin, paper presented at Fall Annual 
Peeting, ciear oe UNntoOnemodie brane 1sco:, 

i atornia, December 1974. 


89 





EO’. 


INITIAL DISTRIBUTION 


Defense Documentation Center 
Gameron Station 
meexandria, Virginia 22314 


Lubrary, Code 0212 
Naval Postgraduate School 
Monterey, California 93940 


Department Chairman, Code 58 
Pepartment of Oceanography 
Naval Postgraduate School 
Me@nmnerey, California 93940 


essa 


NOge aco Demers 


Beoee Protessor R, G. Paquette, Code 58 Pq 5 


Department of Oceanography 
Naval Postgraduate School 
Monterey, California 93940 


Oceanographer of the Navy 
Hoffman Building No. 2 

eo stovall Street 
Ppeeoxandria, Virginia 22352 


Gmerce Gt Naval Research 
Code 480 
Poemimaeton, Virginia 22217 


Dr. Robert E. Stevenson 
Semenciti1c Liaison Office, ONR 


eemipps Institution of Oceanography 


faesOlla, California 92037 
Muprcary, Code 3330 

Naval Oceanographic Office 
Wastangton, D. C. 20373 


S10) Library 


University of California, San Diego 


Peo. BOX 250/ 
PomsJollla, California 9203/7 


Department of Oceanography Library 


University of Washington 
seattle, Washington 98105 


a0 








IGE 


IVA 


iD 


14. 


eS . 


HG; 


Jag 


nS 


Department of Oceanography Library 
Wmecon State University 
Corvallis, Oregon 97531 


Commanding Officer 
Fleet Numerical Weather Central 
Momuerey, Caliiormmia 935940 


Commanding Officer 
Environmental Prediction Research Facility 
Monterey, California 93940 


Department of the Navy 

Commander Oceanographic System Pacific 
Box 1390 

Heo San Francisco 96610 


Commander 

Naval Weather Service Command 
Washington Navy Yard . 
Washington, D. C. 20390 


Dreoek. H. Bourke, Code 58 Bf 
Department of Oceanography 
Naval Postgraduate School 
Monterey, California 93940 


Dr. Waldo K. Lyon 

birector, Arctic Submarine Laboratory 
Naval Undersea Center 

Sam Diego, California 92132 


it Allan E, Karrer, USN 


USS INDEPENDENCE (CV-62) 
FPO New York 09501 


On 




















DUDLEY KNOX LIBRA/iy 
NAVAL POSTGRADUATC «CHOOL 
MONTEREY, CALIFORNIA 93940 





marqd 





Tina 











